Introduction
The multi-transient EM (MTEM) method is a broadband EM surveying technique. The field setup is shown in Figure 1 . A current is input across the source electrodes A and B and the in-line response of the electric field is recorded as the potential difference between up to 40 pairs of receiver electrodes. The source current waveform may be a step in current or a coded waveform such as a pseudorandom binary sequence (PRBS). The development of MTEM instrumentation is described by Hobbs et., al (2006) .
The source signal can be increased by increasing the source dipole moment which is the product of the source current I and the source dipole length. The received signal can also be increased by increasing the receiver dipole length. Limits on the size of the source current are imposed by the source equipment and limits on the size of the source and receiver dipoles are imposed by the need for the dipole approximation to be valid. This means that the nearest offset at which data can be recorded is approximately five dipole lengths. In general the source current and source and receiver lengths are as large as possible and cannot practicably be increased. Using a PRBS instead of a step function improves the signal-to-noise ratio significantly for the same acquisition time. Using a PRBS with the source and receiver parameters optimised, the only option left is vertical stacking with a reduction in random additive noise of n where n is the number of traces being stacked.
The only alternative to stacking is to reduce the noise present in the data without removing any of the signal.
Signal and noise bandwidth in MTEM data
The bandwidth of the MTEM signal varies with sourcereceiver offset and subsurface resistivity while the frequency content of the noise generally remains the same. Figure 2 shows the bandwidth of MTEM data for a 1 ohmm and 20 ohm-m halfspace as a function of offset. The frequency content of cultural 50Hz (or 60Hz) noise and odd harmonics as well as MT noise are also shown.
It can be seen from Figure 2 that the noise affecting data recorded over a background resistivity of 20 ohm m will be dominated by cultural noise and harmonics while over a conductive overburden of 1 ohm m the dominant noise will be low frequency MT noise.
Techniques for suppressing cultural noise
Traditional signal processing for cultural noise involves filtering of data using either an analogue or digital notch filter at the fundamental frequency of the mains electricity. Notch filters have the drawback of introducing holes in the amplitude spectrum of the signal. Strack (1989) describes the design of a recursive notch filter to remove 16 2/3Hz railway line noise from transient EM data. Szarka (1988) gives a comprehensive review of the effect of cultural noise on EM data.
Another problem with filtering the data is that assumptions are made about the nature of the noise. For example, it is often assumed that the frequency of the noise is stationary. 
Suppression of noise in MTEM data
In North America the mains 60 Hz rarely deviates by more than 0.03 Hz (Butler & Russell, 1993) , but in many countries the '50 Hz' noise is not 50 Hz but 50Hz ±1Hz or more. Also in long records the phase drifts, and so in the frequency domain there is not a sharp peak at 50Hz but a broad hump centered on 50Hz. The same is true for the harmonics. The result is that applying multiple filters to remove noise at 50Hz and all the harmonics can seriously damage the signal we are trying to recover.
One way to reduce noise is not to record it in the first place. In the field it is only noise near the receiver that is picked up so if the source location is significantly quieter than the receiver location for certain locations then reciprocity enables us to interchange the source and receiver to record these positions in the absence of noise. In the field a map of noisy locations is constructed on the initial pass of the line and then recovery shots are carried out to record data where receivers had been positioned under powerlines or other source of large noise.
Another approach to removing cultural noise without filtering exploits the fact that the polarity of the source is reversed for alternate traces and that the source and receiver system are synchronized by GPS time. Figure 3a shows two traces recorded with the same source signal polarity in green and red and the stack of the two traces in black with no improvement in the signal to noise as the noise stacks up as well as the signal.. If the data is acquired in this way the only option left is filtering. Figure 3b shows two traces recorded one second apart where the source polarity was switched between traces. The green trace is then flipped so that the signal of the two traces again has the same polarity and consequently the noise on the two traces is now opposite. The black trace in Figure 3b is the result of stacking only the green and red trace. The 50Hz noise and all of the harmonics have now almost completely been cancelled out leaving the step response we are interested in. This approach works extremely well where a high sample rate is used with a short time between traces so that the phase of the 50Hz has not had time to drift.
A final technique that can be applied to remove cultural noise exploits the dipole nature of the source field. For a 1-D earth there is no signal from the source induced perpendicular to the source. Therefore a receiver placed in the receiver line perpendicular to the source will measure only noise. Figure 4 shows the electric field lines (green arrows) and lines of equipotential (white) around a dipole source S. The in-line receiver R1 crosses lines of equipotential and so there is a potential difference between the two electrodes due to the source. The cross-line receiver RX1 has its end points on the same line of equipotential and hence does not measure any signal from the source. Cultural noise in the area will be picked up on both the inline and cross-line receiver. Typically, the length of the inline receiver is between 50 and 200m and the cross-line receiver 5-10m. This means that over a 3D earth where there is a small amount of signal in the cross-line component it will be very small on a receiver dipole 5-10m in length. 
The cross-line noise measurement can be used to predict the correlated part of the noise on the in-line measurement, using the Wiener-Levinson method (Levinson, 1947) . The predicted part can be subtracted from the measurement to improve the signal-to-noise ratio. Figure 5a shows part of a raw trace in blue with the PRBS transmission present between 23-25 s and noise between 25-27 s, the result of subtracting the estimate of the noise is shown in red. Figure 5b shows the amplitude spectrum of the data in Figure 5a . It can clearly be seen that the 60Hz noise has been completely removed from the data without affecting the amplitude spectrum at any other frequencies.
Techniques for suppressing MT noise
MT noise poses a quite different problem from cultural noise. Filtering techniques, while not ideal for cultural noise removal are at least an option because of the very narrow frequency band over which the noise appears. MT noise, however, is present at all frequencies below about 1Hz and the amplitude of the noise increases approximately linearly with decreasing frequency. Filtering out MT noise would remove a large part of the signal we are interested in as they are in the same bandwidth. The Ex component of the electric field is related to the Hy component of the magnetic field for a uniform 2D earth by equation 1
where Zxy is the impedance. Rowston et. al (2003) used this expression to remove telluric noise from IP data by making a remote measurement of the Hy component of the magnetic field. A remote measurement is required as the source signal affects Hy at shorter offsets.
The telluric field is very well correlated over distances of several kilometers. Figure 6 shows some raw data in the offset range 2-7km. The PRBS signal can clearly be seen rapidly decreasing in amplitude with increasing offset and does not stand out above the noise level for offsets more than 4km. It can also be seen that the telluric noise is very strongly correlated across all the channels. This fact allows us to use the Ex signal at a distant offset to predict the telluric noise and subtract it from the receiver data without the need for a magnetic field measurement and calculation of the impedance. Figure 7 shows the traces from an offset of 2.2km (blue) and 7km (red) overlain. It can be seen that the telluric signal is extremely well correlated. The signal amplitude has decreased by 98% between the two traces and so the signal is affected only very slightly. Figure 8 shows the result of subtracting the telluric noise at 7km offset from the receiver measurement at 2.2km offset. It can be seen that the low frequency noise has been significantly reduced. The receiver for the telluric signal estimate can be positioned at an offset to ensure that the signal present in the data has decayed to an acceptably small amount before subtracting.
Conclusions
Noise in MTEM data measurements come from many sources and vary hugely in amplitude, bandwidth and time. By exploiting field parameters, reciprocity and making simultaneous measurements of the electric field both crossline and remotely the noise can be successfully removed without degrading the signal. Figure 7 after subtraction of the MT noise estimated from a distant in-line receiver measurement.
